We investigate the impact of lipidation on the self-assembly of two peptide fragments from the gastrointestinal peptide hormone PYY 3−36 . The lipopeptides C 16 IKPEAP and C 16 IKPEAPGE contain the first 6 and 8 amino acid residues, respectively, from the PYY 3−36 peptide sequence, with a palmitoyl C 16 tail attached at the N-terminus. These lipopeptides form spherical micelles in aqueous solution, above a critical micelle concentration (cmc), which is pH-dependent. Modeling of smallangle X-ray scattering data along with molecular dynamics simulations shows the formation of micelles with a hydrophobic interior and a well-hydrated exterior. The lipopeptides have a disordered conformation over the pH and temperature ranges studied. The cmc is found to be independent of temperature, pointing to athermal micellization. In contrast to the presence of hydrated micelles in solution, β-sheet amyloid fibrils form in dried samples. Thus, the nanostructure of lipidated PYY 3−36 fragment peptides can be tuned by control of pH or concentration, for future applications.
■ INTRODUCTION
Peptide amphiphiles (PAs) are self-assembling peptide-based molecules that contain a bioactive headgroup conjugated to a hydrophobic tail of variable length, and in most cases this is an alkyl chain as in the case of a lipopeptide. 1 The hydrophobic tail increases the amphiphilicity of the molecule which drives self-assembly in aqueous solution, to form well-defined and controllable peptide functionalized nanostructures. 2 The driving force behind PA self-assembly is the need for the hydrophobic tail to be screened from the aqueous environment, with the hydrophilic peptide exposed on the surface of the aggregated structures. 3−6 Many single tail PAs selfassemble into fibers with the hydrophobic tails packing in the core away from the solvent, and the hydrophilic head facing the surface. 4, 7 Hydrophobic interactions between alkyl tails and β-sheet formation of peptide units favor fiber formation, although other aggregated structures such as micelles or vesicles are also possible. 2, 6 The self-assembly process may depend on pH, temperature, concentration, and ionic strength.
Lipidated peptides are attractive as therapeutic agents because the level of lipophilicity can be modulated, which also influences absorption, distribution, metabolism, excretion, and bioavailability. Lipidation increases stability and half-life in vivo by facilitating binding to carrier proteins, in particular, serum albumin, which delays renal clearance by the kidneys and thus prolongs biological activity. 8, 9 As a result, peptide lipidation is an attractive method to convert peptides into drug leads. The palmitoyl chain that is typically attached to the peptide is able to bind to serum albumin, causing steric hindrance, helping to delay proteolytic attack and renal clearance. 5,10−12 We investigate the self-assembly of lipidated peptides comprising palmitoylated fragments of the gastrointestinal peptide hormone PYY 3−36 . PYY belongs to the pancreatic peptide (PP) family, and there are two main endogenous forms, PYY 1−36 and PYY 3−36 . PYY 3−36 is of great interest due to its high selectivity for the Y 2 receptor, associated with food intake. 13 Previous studies on various truncated versions of PYY examined the Y 2 receptor affinity and biological function, specifically at the C-terminus. 14 The self-assembly in aqueous solution of PYY 3−36 lipidated with hexadecyl (palmitoyl) lipids 15 or octyl lipid chains 16 within the core α-helical peptide domain has been examined. Lipidation leads to the formation of micellar structures at sufficiently low pH (fibrillar structures were observed at high pH for the palmitoylated derivatives 15 ). However, the self-assembly of truncated PYY peptides has not been studied. Here, we investigate the effect of pH, temperature, concentration, and lipidation on the self-assembly of two N-terminal truncated fragments of PYY 3−36 . The full sequence of PYY 3−36 is NH 2 -IKPEAPGEDASPEELNRYYAS-LRHYLNLVTRQRY-NH 2 . The truncated fragments studied here consist of the first six and eight amino acid residues of the whole peptide sequence, with a palmitoyl alkyl chain covalently attached at the N-terminus (IKPEAP and IKPEAPGE) ( Figure  S1 ). Studies have shown that PYY 3−36 has a partially α-helical secondary structure. 17 The short peptide fragments studied here are not within the α-helical part of the whole sequence, and they also contain proline residues which are structure breaking residues that disfavor α-helix conformations. 18 This occurs because the amide bond lacks the proton necessary for hydrogen bond stabilization. Lipidation using palmitoyl (C 16 , hexadecyl) chains is favorable, as it allows the molecule to fuse with the cell membrane and potentially act as a transducing molecule in vivo. 19 
■ RESULTS AND DISCUSSION
We first determined whether lipidation had an effect on the aggregation behavior of IKPEAP and IKPEAPGE, by measuring critical micelle concentration (cmc) values using ANS (8-anilino-1-naphthalene sulfonic acid) and pyrene as fluorescent probes. ANS interacts with hydrophobic binding sites to cause an increase in fluorescence and a blue shift of the wavelength of maximum fluorescence, λ max . 20 Pyrene is also sensitive to the hydrophobic environment, and in the presence of micelles and other macromolecular systems, it becomes encapsulated in the interior hydrophobic regions of the aggregates. 21 Figure 1a shows results of ANS fluorescence measurements, and calculated cmc values were 0.0056 and 0.0029 wt % for C 16 IKPEAP and C 16 IKPEAPGE, respectively, at their native pH values in water (the original fluorescence spectra are shown in Figure S2 ). Results for the nonlipidated IKPEAP and IKPEAPGE did not show a distinct break in the intensity of fluorescence, and it appears these peptides do not aggregate. Fluorescence experiments using pyrene were also carried out as a function of pH to investigate the effect of pH on aggregation concentration. Results indicate an increase in cmc with increased pH for both peptides ( Figures S3 and S4 ).
The cmc was measured (from pyrene fluorescence experiments) at different temperatures, to determine the enthalpy of micellization using the Gibbs−Helmholtz equation along with the equation for the Gibbs energy of micellization. 22 The results indicate that micellization is not affected by temperature since the plot of cmc does not depend significantly on temperature ( Figures S5 and S6 ), i.e., ΔH mic = 0. Values of ΔS mic and ΔG mic at 20°C were calculated to be 80.45 J K −1 mol −1 and −23.57 kJ mol −1 for C 16 IKPEAP, and 87.5 J K −1 mol −1 and −25.64 kJ mol −1 for C 16 IKPEAPGE, respectively. This shows that micellization of these PAs is entropically driven.
Circular dichroism (CD) spectroscopy was used to determine secondary structure at concentrations above the cmc for the lipidated peptides. The same concentrations of nonlipidated peptides were also used for comparison. Spectra of lipidated and unlipidated peptides were compared to determine what effect, if any, the lipidation had on the secondary structure at the peptides. Spectra at the peptides' native pH showed a disordered conformation for both C 16 IKPEAP, and C 16 IKPEAPGE, and a polyproline II helix for IKPEAP and IKPEAPGE, with positive molar ellipticity values near 220 nm 7, 23 (Figure 1b ). CD spectra at other pH values studied (pH 4−12) showed a disordered structure with a minimum at around 195 nm at 20°C ( Figure S7 ). Temperature ramp CD experiments to study thermal stability from 20 to 70°C display similar results, shown in the SI ( Figures S8 and S9 ). Lipidation enhances thermal stability at pH 4 since the CD spectra for the lipidated peptides are much more thermally reversible when compared to those of the peptides themselves. Lipopeptide C 16 IKPEAP at native pH (pH 6.28) and pH 8 appears to have very little secondary structure. This could be attributed to the measured pH values being close to the calculated isoelectric point which was found to be pH 6.86 for IKPEAP, whereas for IKPEAPGE it was pH 4.15, using Innovagen software. 24 Cryogenic transmission electron microscopy (cryo-TEM) images of C 16 IKPEAP and C 16 IKPEAPGE showed the presence of micelles with a radius less than 5 nm ( Figure  2a ). In contrast, cryo-TEM images of IKPEAP and IKPEAPGE showed no self-assembled structures at the same concentration. This is in agreement with the fluorescence probe measurements which revealed no cmc.
Dynamic light scattering (DLS) was used to provide an independent measure of the micelle size. The number weighted radius distributions at θ = 90°of the lipidated peptides are shown in Figure S10 . The number weighted hydrodynamic radius values are 1.90 and 3.07 nm for C 16 IKPEAP and C 16 IKPEAPGE, respectively, which agrees with the cryo-TEM images that show the micelles to be less than 5 nm in radius.
Small-angle X-ray scattering (SAXS) was used to further investigate the shape and size of the self-assembled peptide nanostructures in solution. The intensity profiles with model form factor fits of the lipidated peptide fragments are shown in Figure 2b , and the fitted parameters are shown in Tables S1− S4. The profiles of the lipidated fragments are consistent with the cryo-TEM images that showed spherical micelle structures, and the data can be fitted to a spherical shell form factor. The unlipidated fragments showed completely differently shaped intensity profiles, which were consistent with cryo-TEM images (not shown) where there was no observable selfassembled structure. The SAXS data was fitted to a generalized Gaussian coil form factor to represent monomers in solution ( Figure S11 ).
Ths SAXS data of the lipidated peptide fragments reveals differences in the outer radius as a function of pH. Increasing the pH from 2 to 8 significantly decreases the (inner and outer) radius for both peptide systems. This could be related to the loss of charge on the lysine residue at pH 8, causing an increase in net negative charge in the micelle, thus reducing the size. When comparing the sizes of lipidated peptides to each other at a given pH, there are no obvious differences, suggesting that the length of the peptide does not affect the self-assembly behavior, and that pH is the main contributing factor. The Journal of Physical Chemistry B
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We unexpectedly noticed that drying samples for various measurements led to a profound difference in peptide conformation and self-assembled nanostructure. CD spectra obtained from dried films show a β-sheet secondary structure for both peptides (Figure 3a ). TEM images revealed the presence of short fibers with lengths 400−500 nm (Figure 3b) , showing that drying leads to disruption of the micelle structures present in solution, as revealed by cryo-TEM ( Figure 2 ). Fiber X-ray diffraction (XRD) was performed to directly examine secondary structure in dried samples. Results for the unlipidated fragments show a lack of secondary structure with d-spacing of 4.52 Å, representative of lipid chain packing ( Figure S12 ). The lipidated peptides have a β-sheet secondary structure as shown by XRD ( Figure 3c ). The d-spacing of 4.68 Å corresponds to the β-strand spacing, and the peaks at 9.36 Å (C16IKPEAP) or 9.64 Å (IKPEAPGE) correspond to the βsheet spacing. The peak at 4.11 Å is assigned to chain packing within a fraction of disordered material. SAXS measurements on dried samples ( Figure 3d) show Bragg peaks, indicating hexagonal ordering with a d 10 spacing = 46.8 Å.
The SAXS model profiles shown in Figure 2b clearly fit the data very well, just using a simple core−shell (two electron density) form factor model. The determined micelle radii (taken as the outer radius, R 1 , SI Tables S1 and S2) allow determination of micelle volumes, which along with estimated molecular volumes enables the association number p to be calculated. Molecular volumes were calculated using the software Gaussian 25 and were found to be 960 Å 3 for C 16 IKPEAP (slightly larger, 1048 Å 3 for a stretched conformation) and 1161 Å 3 for C 16 IKPEAPGE. Using micelle radii determined from the SAXS fits at pH 8 (SI Tables S1 and S2) leads to estimated association numbers p = 83 and p = 72 approximately, for C 16 IKPEAP and C 16 IKPEAPGE, respectively. The uncertainties on these values are estimated to be ±20% approximately, considering the errors on both the outer radius values and the estimates of molecular volume. These values are notably larger than association numbers in the range p = 5−10 for lipidated versions of the full PYY 3−36 peptide, 15, 16 which is due to the much smaller size of the peptide headgroup which greatly facilitates packing in larger micelles. There is also a distinction in that the PYY 3−36 peptide was not lipidated Nterminally, but rather via lysine derivatives within the core of the peptide sequence.
On the basis of these association numbers, we performed MD simulations on model micelles of C 16 IKPEAP containing p = 80, 101, 143, 225 molecules as detailed in the Materials and Methods section. Values of the inner and outer radius of gyration were computed, with the values being listed in Table  S5 and plotted in Figure S13 . This shows good agreement with the experimental data for the systems with p = 80 and p = 101. The larger assemblies produce values of the radii of gyration that are too large and are therefore not considered further. Figure S14 shows the equilibration of the MD system along the MD trajectory as a root-mean-square distance from the first snapshot (RMSD values). Micelle structures were generated from frames in the last 10 ns of the production run. This was then used to generate pdb files of micelle structures. The form factors were then computed using the Debye formula: Here, N is the number of atoms in the micelle (i.e., p × N at , where N at = 145 for C 16 IKPEAP), and d ij denotes the distance between atom i and atom j. The atomic scattering factors f i (q) are computed allowing both for displaced solvent (excluded volume effect) and the presence of a hydration layer around the micelle surface. The SAXS profile was calculated using the software FoXS, 26 which allows for both of these terms (the hydration layer is computed via the solvent-accessible surface, computed from the rolling sphere method 27 ). The software CRYSOL developed earlier 28 can be used to analyze solution SAXS data in a similar manner to FoXS. The use of software designed to model protein solution structures to compute form factors for micellar systems is unprecedented to our knowledge and has great potential to provide detailed information on hydration effects. Interestingly, the model fits indicate that the C 16 IKPEAP micelles are highly hydrated (the FoXS hydration parameter c 2 26 was in the range c 2 = −1.4 to 2.58 indicating a denser hydration layer than the bulk solvent) and have minimally enlarged excluded volume 26 (c 1 = 0.99−1.05); i.e., each atom has between a 1% decrease and a 5% increase in radius due to the excluded volume effect of the water. An average form factor curve computed from 10 different configurations of micelles considering polydispersity in association number (micelles with p = 80 and 101) is shown in Figure 4a and provides a good representation of the data even when only considering a small number of micelle configurations. Micelles with larger association numbers p = 143 or p = 225 produced SAXS profiles in poor agreement with the experimental data (data not shown). A representative image of a micelle containing 80 molecules is shown in Figure  4b .
■ CONCLUSIONS
In summary, adding a lipid tail to N-terminal fragments of the PYY 3−36 peptide drives self-assembly into micelles, above a critical micelle concentration. Fluorescence spectroscopy using ANS as the fluorescent probe enabled determination of cmc values. CD results showed the two lipopeptides have disordered conformations. The insights into micelle structure available from an atomistic model to analyze the SAXS data, applying for the first time methods used to analyze solution protein solution structures, provide unique information on the presence of a substantial hydration layer at the surface of the C 16 IKPEAP micelles at native pH. Our modeling of the SAXS data from micelles using a similar method to that employed for globular proteins in solution points to an interesting analogy between the self-assembled micelles and compact protein structures. Of course, the latter are covalently fixed in contrast to the dynamically self-assembling lipopeptide molecules which constitute the micelles. Our findings show that lipidation of short fragments of PYY 3−36 peptide leads to the formation of micelles with an association number (p ≈ 80) much more similar to that of conventional surfactants than the small "micelles" formed by (laterally) lipidated versions of the long PYY 3−36 peptide which in fact are more like oligomeric clusters with only p = 5−10 molecules. 15, 16 Temperature-dependent measurements of the cmc show, unexpectedly, that micellization is essentially athermal showing that the process is driven by the favorable entropy change associated with the hydrophobic effect as in protein folding.
Remarkably, the two lipopeptides studied form β-sheet fibrils on drying, pointing to the formation of "amyloid-like" structures under these "denaturation" conditions. Possibly for lipopeptides as is proposed for proteins, amyloid may represent a common stable native state. 29 Our findings may be useful in the development of proto-globular protein model systems and in the creation of therapeutic agents based on PYY 3−36 fragment molecules. In a different direction we are presently investigating the utility of the proline coating at the surface of C 16 IKPEAP-based micelles in the creation of biocatalytic nanoparticles.
■ MATERIALS AND METHODS
Materials. IKPEAP (TFA salt) was synthesized by Biomatik, Canada. The molecular weight by mass spectrometry was 653.8 g mol −1 (expected: 653.37 g mol −1 ), and the purity by HPLC was 99.8%. IKPEAPGE (TFA salt) was synthesized by Biomatik, Canada. The molecular weight by mass spectrometry was 839.98 g mol −1 (expected: 839.44 g mol −1 ), and the purity by HPLC was 99.7%. C 16 IKPEAP (ammonium acetate salt) was synthesized by Peptide Synthetics, UK. The molecular weight by mass spectrometry was 892.18 g mol −1 (expected: 891.60 g mol −1 ), and the purity by HPLC was >95.0%. The Journal of Physical Chemistry B Article C 16 IKPEAPGE (ammonium acetate salt) was synthesized by Peptide Synthetics, UK. The molecular weight by mass spectrometry was 1078.346 g mol −1 (expected: 1077.67 g mol −1 ), and the purity by HPLC was >95.0%.
Fluorescence Spectroscopy. Fluorescence spectra were recorded with a Varian Cary Eclipse fluorescence spectrometer (Varian IEEE-488, Australia) with samples in 4 mm inner quartz cuvettes. The ANS assays were performed using 2.5 × 10 −4 to 0.13 wt % peptide, in 2.1 × 10 −3 wt % ANS solution. The samples were excited at λ ex = 356 nm, and the fluorescence emission was measured for λ = 400−670 nm. Pyrene assays were performed using 2.5 × 10 −4 to 0.13 wt % peptide, in 2.167 × 10 −5 wt % pyrene solution. The samples were excited at λ ex = 339 nm, and the fluorescence emission was measured for λ = 360−500 nm.
Temperature-dependent fluorescence assays of cmc were carried out using the same method, but a temperature controlled water bath was also used and measurements were collected in the temperature range 20−70°C.
Circular Dichroism (CD). CD spectra were recorded using a Chirascan spectropolarimeter (Applied Photophysics, UK). Spectra are presented with absorbance A < 2 at any measured point with a 0.5 nm step, 1 nm bandwidth, and a 1 s collection time per step. The CD signal from the background was subtracted from the CD signal of the sample solution. Ellipticity is reported as the mean residue ellipticity ([θ], in deg cm 2 dmol −1 ) and calculated as
where [θ] obs is the ellipticity measured in millidegrees, MRW is the mean residue molecular weight of the peptide (molecular weight divided by the number of amino acid residues), c is the concentration of the sample in mg/mL, and l is the optical path length of the cell in centimeters.
CD spectra were measured in the temperature range 20−70°C , using a 10°C temperature step. Samples were equilibrated at each temperature for 2 min before measurements were recorded. Quartz plaques (0.1 and 0.01 mm thick) were used for the experiments, and a pH range of 2−12 was measured. 0.1−1 wt % samples were used. Experiments were carried out in D 2 O. CD spectra were also measured on dried peptides using quartz plates (0.01 mm).
Small-Angle X-ray Scattering (SAXS). Solution and dried SAXS experiments were performed on the bioSAXS beamline BM29 at the ESRF, Grenoble, France, and the bioSAXS beamline B21 at Diamond light source, U.K. Solutions containing 0.162 wt % C 16 IKPEAPGE and IKPEPAGE, and 0.134 wt % of C 16 IKPEAP and IKPEAP, were loaded in PCR tubes in an automated sample changer. SAXS data were collected using a Pilatus 1 M detector. The sample−detector distance was 2.84 m. The X-ray wavelength was 0.99 Å. The wavenumber q = 4π sin θ/λ scale was calibrated using silver behenate, where λ is the X-ray wavelength and 2θ is the scattering angle. Dried SAXS measurements were performed by drying the peptides onto kapton tape and inserting them into a gel cell. Data was collected using a Pilatus 2M detector at a fixed camera length of 3.9 m with a wavelength λ = 1 Å.
Fiber X-ray Diffraction (XRD). XRD was performed on peptide stalks prepared by drawing a fiber of peptide solution between the ends of wax-coated capillaries. 3 wt % peptide solutions were used for IKPEAP and IKPEAPGE, and 5 wt % peptide solutions for C 16 IKPEAP and C 16 IKPEAPGE. After drying, the capillaries were separated and a stalk was left on the end of one of the capillaries. Stalks were vertically mounted onto the goniometer of an Oxford Diffraction Gemini Ultra instrument, equipped with a Sapphire CCD detector. The sample-to-detector distance was 44 mm. The X-ray wavelength was λ = 1.54 Å. The wavenumber scale (q = 4π sin θ/λ where 2θ is the scattering angle) was geometrically calculated. The software CLEARER 30 was used to reduce the 2D data to a one-dimensional intensity profile.
Dynamic Light Scattering (DLS). Experiments were performed using an ALV CGS-3 system with a 5003 multidigital correlator. The light source was a 20 mW HeNe laser, linearly polarized, with λ = 633 nm. Samples were filtered through 0.20 μm Anotop organic membrane filters from Whatman into standard 0.5 cm diameter cylindrical glass cells.
Cryogenic Transmission Electron Microscopy (Cryo-TEM). Imaging was carried out using a field emission cryoelectron microscope (JEOL JEM-3200FSC) operating at 200 kV. Images were taken using bright-field mode and zero loss energy filtering (Ω type) with a slit width of 20 eV. Micrographs were recorded using a CCD camera (Gatan Ultrascan 4000, USA). The specimen temperature was maintained at −187°C during the imaging. Vitrified specimens were prepared using an automated FEI Vitrobot device using Quantifoil 3.5/1 holey carbon copper grids, with 3.5 μm hole sizes. Grids were cleaned using a Gatan Solarus 9500 plasma cleaner just prior to use and then transferred into the environmental chamber of a FEI Vitrobot at room temperature and 100% humidity. Following this, 3 μL of sample solution at 1 wt % concentration was applied on the grid, blotted once for 1 s, and then vitrified in a 1/1 mixture of liquid ethane and propane at −180°C. Grids with vitrified sample solutions were maintained in a liquid nitrogen atmosphere and then cryotransferred into the microscope.
Transmission Electron Microscopy (TEM). Imaging was performed using a JEOL AMT XR-401 TEM instrument. A thin film of peptide was added (0.134 wt % of C 16 IKPEAP and 0.162 wt % C 16 IKPEAPGE) to the surface of a carbon film coated TEM grid and stained with 1 wt % uranyl acetate solution for 1 min, followed by washing with distilled water by applying enough water to cover the grid and leaving it for 1 min. The grids were then taken and placed in the TEM instrument, and images were taken, using a 4.0 megapixel CMOS camera, at various magnifications.
Molecular Dynamics Simulations (MD Simulations). Lipopeptide C 16 IKPEAP was simulated at pH 7. Under these conditions, Lys is protonated, and Glu and the C terminus are deprotonated, leading to a total charge (−1). Four micelle systems made of 80, 101, 143, and 225 lipopeptides (corresponding to a broad range around the experimentally determined association number) were built with an initial spherical distribution of lipopeptides (LP). Simulations were performed in explicit water, with each lipopeptide micelle being neutralized with Na + ions and solvated in a orthorhombic simulation box with enough water molecules to allow an approximately 12 Å buffer region around the solute. Specifically, the number of solvent molecules contained in the simulation box were 41 735, 42 247, 69 345, and 53 955 water molecules, respectively.
All MD trajectories were performed using the AMBER 16 computer program. 31 The energy of each system was computed using the AMBER ff14SB force field 32 and the TRIP3P 33 water model. Initially, the four systems were
The Journal of Physical Chemistry B Article minimized over 2500 steps to relax prebuilt spherical micelle structures, heated up to 298 K, and, finally, equilibrated using a NPT ensemble for 0.5 ns at 1 atm and 298 K (2 fs time steps). A restraint over lipopeptide and sodium atoms of 10 kcal mol −1 Å −2 was applied in both thermalization and equilibration steps. The SHAKE algorithm 34 was used to keep the bond lengths involving hydrogen atoms at their equilibrium distance. van der Waals interactions were computed by applying 10 Å atom pair distance cutoffs. Electrostatic interactions were computed using the nontruncated electrostatic potential by means of Ewald Summations. 35 The production run consisted of a 250 ns trajectory using a NPT ensemble, and similar conditions of previous equilibration steps without any restriction on the system atoms. Snapshots structures were obtained for statistics every 20 ps. 
